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Abstract 

The  local  electronic  density  of  states  and  chemical  bonding 

of  a  Ag  monolayer  film  on  a  Ge  (001)  substrate  have  been 

calculated  by  the  partitioned  scattered-wave  moleculai — orbital 

method.  The  partial  occupation  of  spatially  delocalized 

"layered"  Ag  pTT-bonding  molecular  orbitals  at  the  Fermi  energy, 

resulting  from  weak  covalent  bonding  with  the  Ge  (001)  substrate, 

is  responsible  for  the  incipient  superconductivity  recently 

observed  by  Burns  et  al .  for  very  thin  epitaxially  grown  Ag  films 

on  Ge  (001).  In  pure  Ag,  which  is  not  a  superconductor,  the  pTT 

-bonding  molecular  orbitals  are  unoccupied.  The  occupation  of 

» 

spatially  localized  Ag  s,p  Cf  -anti bonding  molecular  orbitals 
around  the  Fermi  energy  is  responsible  for  the  observed 
two-dimensional  metallic  localization  effects  on  the  electrical 
conductivity  above  the  superconducting  transition  temperature. 

• 
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In  a  recent  publication  (1],  Burns  et  a] .  have  reported  the 
onset  of  an  incomplete  superconducting  transition  in  very  thin 
epitaxially  grown  Ag  films  on  a  Ge  (001)  substrate  at 
temperatures  below  2°K.  In  another  recent  paper  [2].  a 
molecular-orbital  basis  for  understanding  the  incidence  of 
superconductivity  in  materials  has  been  described.  In  the 
present  communication,  it  is  shown  that  the  latter  theoretical 
approach  can  be  used  to  explain  the  incipient  superconductivity 
of  thin  Ag  films  on  Ge. 

Consider  first  a  metal,  such  as  aluminum,  which  is  normally 
superconduct i ng  in  bulk,  th in-film,  and  sma 1 1 -part i c 1 e  forms  at 
temperatures  less  than  2°K.  In  Ref.  2  it  was  shown  that  the 
electronic  structure  of  A)  aggregates  at  the  Fermi  energy  is 
character i zed  by  spatially  delocalized  "layered”  prr -bonding 
molecular  orbitals  of  the  type  displayed  in  the  two-  and 
three-dimensional  contour  maps  of  Figs.  1  and  2.  respectively. 
This  mo  I  ecu lar-orb i ta I  topology,  in  conjunction  with  the  dynamic 
Jahn-Teller  effect  (the  "virtual  phonons"  of  BCS  theory  [3]),  was 
shown  in  Ref.  2  to  lead  to  the  "antferromagnet i c"  spin 
polarization  of  conduction  electron  pairs  (the  "Cooper  pairs"  of 
BCS  theory)  at  the  Fermi  energy  over  the  layered  orbitals  of  Fig. 
2,  producing  the  superconducting  state  at  the  transition 
temperature 

kQT  ~[h2/4TT  (mM) l/2d2]exp(-h2/2me2d)  (1) 

D  C 

in  the  above  expression,  d  is  the  distance  between  the  centroids 
of  the  layered  molecular-orbital  components  (see  Fig.  2).  M  is 
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the  atomic  mass,  m  is  the  electron  mass,  e  fs  the  electron 
charge,  h  is  Planck's  constant,  and  kg  Is  the  Boltzmann 
constant.  In  Ref.  2.  expression  (l)  has  been  shown  to  be 

equivalent  to  the  conventional  BCS  formula  for  Tc  and  leads  to 
values  of  the  transition  temperature  in  good  agreement  with 
exper i ment . 

Consider  now  the  example  of  pure  silver,  which  is  normally 

not  a  superconductor.  One  can  compute  the  local  electronic 

structure  of  thfs  materfa!  in  bulk,  particle,  or  th in-film  form 

with  the  recently  developed  iterative  partitioned  scattered-wave 

mo l ecu  1 ai — orb i ta 1  method  [ 4 ] .  I n  th i s  approach ,  the  extended 

solid-state  system  is  spatially  partitioned  into  subclusters  for 

which  the  local  electronic  densities  of  states  and  molecular 

orbitals  are  computed  iteratively,  including  the  effects  of 

"embedding”  the  subclusters  in  the  surrounding  extended 

environment.  For  a  pure  Ag  monolayer  having  the  cubic  structure 

shown  in  Fig.  3(a),  the  resulting  local  density  of  states  at  T  = 

0°K  for  the  encircled  Ag4  subcluster,  including  the  effects 

of  coupling  this  subcluster  to  the  surrounding  monolayer  atoms, 

is  shown  in  Fig.  4.  The  high-density  manifold  of  states  between 

4  and  6  eV  below  the  Fermi  energy  Ep  is  associated  with  the  Ag 

4d  orbitals  and  corresponds  to  the  fully  occupied  d-band  of  bulk 

crystalline  silver.  The  Fermi  energy  itself  coincides  with  a 

smaller  peak  in  the  density  of  states,  corresponding  to  spatially 
» 

localized  s,p  <S  -ant  i  bondl  ng  molecular  orbitals  of  the  type 
mapped  in  Fig.  5.  Approximately  l  eV  above  the  Fermi  energy  is  a 
peak  in  the  density  of  states  that  corresponds  to  p ft -bonding 
molecular  orbitals  of  the  type  mapped  in  Fig.  6.  The  latter 
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orbitals  are  the  monolayer  analogues  or  the  spatially  delocalized 
layered  p IT -bonding  orbitals  shown  above  (see  Figs.  1  and  2)  and 
in  Ref.  2  to  be  responsible  for  the  superconducting  state  of 
aluminum.  Since  these  states  are  unoccup i ed  in  pure  silver, 
they  cannot  lead  to  superconductivity  in  this  metal  unless  they 
are  somehow  brought  into  coincidence  with  the  Fermi  energy.  This 
explains  why  pure  silver  is  not  superconducting  under  normal 
conditions. 

How  then  is  one  to  understand  the  observation  of  Burns  et  al . 
[1]  that  very  thin  Ag  films  epitaxially  grown  on  a  Ge  (001) 
substrate  are  virtually  superconducting?  The  local  electronic 
density  of  states  at  T  =  0°K  for  a  Ag  monolayer  (Fig.  3(a)) 
supported  on  a  Ge  (001)  substrate  (Fig.  3(b)),  computed  by  the 
same  procedure  used  above  for  the  unsupported  Ag  monolayer,  is 
plotted  in  Fig.  7.  The  Fermi  energy  now  coincides  with  a  peak  in 
the  density  of  states  correspond i ng  to  molecular  orbitals  that 
are  pH -bonding  within  the  Ag  monolayer  and  ptf -bonding  with 

respect  to  the  Ge  substrate.  A  contour  map  for  one  of  these 

« 

orbitals  is  plotted  in  Fig.  8.  The  Ag  s,p<J  -anti bonding 
orbitals  (Fig.  5)  which  coincide  with  the  Fermi  energy  in  pure  Ag 
(Fig.  4)  correspond  to  the  peak  in  Fig.  7  for  Ge-supported  Ag 

located  1  eV  above  the  Fermi  energy.  In  other  words,  there  is 

» 

an  effective  reversal  of  the  Ag  s.ptf  -antibonding  and  Ag  p ff 
-bonding  molecular  orbitals  around  the  Fermi  energy  in  going  from 
a  pure  unsupported  Ag  monolayer  to  a  Ag  monolayer  supported  on 
Ge.  due  to  covalent  bonding  between  the  monolayer  and  the 
substrate.  It  should  be  emphasized,  however,  that  this  bonding 
is  relatively  weak  because  it  involves  the  overlap  of  otherwise 


unoccupied  virtual  delocalized  pTT  molecular  orbitals  of  the  Ag 

film  with  localized  ptf  orbitals  of  the  coord inat ? vel y 

unsaturated  surface  atoms  of  the  Ge  substrate  (see  Fig.  8).  There 

is  no  net  bonding  between  the  other  atomic  orbitals  of  Ag  and 

Ge.  because  the  contributions  of  the  Ag( s .d)-Ge(p)  fS  -bondi ng 

molecular  orbitals  are  cancelled  out  by  the  fully  occupied 
» 

Cf -ant i bond 1 ng  ones  (see  Fig.  7).  The  "layered"  topology  of  the 
composite  Ag(p)-Ag(p)TT  /Ag(pTT >-Ge(p)d  molecular  orbitals  at  the 
Ag-Ge  interface  is  reasonably  close  to  that  shown  above  to  be  a 
precursor  of  the  superconducting  state.  Substitution  of  the 
computed  Ag  PTf layer  orbital  distance  d  *  2.8  A  into  expression 
(1)  leads  to  a  transition  temperature  T  <V2.2°K,  in  good 
agreement  with  the  observations  of  Burns  et  al . .  The  fact  that 
the  latter  Investigators  were  not  able  to  observe  a  complete 
superconducting  transition  in  the  Ge-supported  Ag  films  can 
possibly  be  explained  by  the  "imperfect"  character  of  the  layered 
pTT  moleculai — orbital  topology  at  the  Ag-Ge  interface,  evident  in 
Fig.  8,  as  compared  to  the  more  ideal  pTT  orbital  topologies 
shown  i n  F  f  gs .  1  and  6 . 

Finally,  Burns  et  al .  [1]  have  reported  that,  above  the 

superconducting  transition  temperature,  the  electrical 

conductivity  of  very  thin  Ag  films  on  Ge  (001)  is  dominated  by 

the  metal  film  and  displays  properties  characteristic  of  metallic 

weak  localization  in  two  dimensions.  This  observation  can  also 

be  addressed  on  the  basis  of  the  present  theoretical  model.  At 

* 

higher  temperatures,  the  s ,ptf -ant ibondi ng  electronic  states  of 
the  Ag  film,  i.  e.  those  responsible  for  the  peak  in  the  density 
of  states  of  the  Ag-Ge  system  immediately  above  the  T  =  0°K 
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Fermi  energy  Ep  (see  Fig.  7),  become  accessible  to  the 
conduction  electrons  which,  at  temperatures  near  absolute  zero, 
are  confined  to  the  layered  ptt -bond 1 ng  orbitals.  Within  the  Ag 
film,  these  ant  I  bonding  orbitals  have  the  spatially  localized 
character  shown  in  Fig.  5.  In  other  words,  the  "scattering"  of 
conduction  electrons  Into  localized  metal-metal  antibonding 
states  in  the  Ag  film  at  higher  temperatures  could  be  responsible 
for  the  observed  two-dimensional  localization  characteristics  of 
the  conductivity. 
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Figure  Captions 


Fig.l.  Contour  map  of  the  pff -bonding  molecular-orbital 

wavefunction  at  the  Fermi  energy  of  a  43-atom  face-centered- 
cubic  aluminum  cluster,  plotted  in  the  (200)  crystal lographic 
plane  up  to  second-nearest  neighbors.  The  solid  and  dashed 
contours  represent  positive  and  negative  values,  respectively,  of 
the  wavefunction. 

Fig. 2.  Three  dimensional  contour  map  (the  3-d  version  of  Fig. 

1)  showing  the  "layered”  topology  of  the  pTT -bonding 

molecular -orbital  wavefunction  at  the  Fermi  energy  of  a  43-atom 
aluminum  cluster.  This  layered  topology  is  believed  to  be  a 
precursor  to  superconductivity  in  aluminum  (see  Ref.  2). 

Fig. 3.  (a)  Spatial  partitioning  of  a  Ag  monolayer  film  into  a 

Ag^  subcluster  (encircled)  and  its  surrounding  environment; 
(b)  Structure  of  a  Ge  substrate  looking  along  the  (001) 

di rect ion. 

Fig. 4.  Subcluster  local  electronic  density  of  states  for  a  pure 
Ag  monolayer  film,  as  computed  by  the  partitioned  scattered-wave 
method.  The  principal  bonding,  nonbonding,  and  anti  bonding 
characters  of  the  component  molecular  orbitals  are  indicated. 

Fig. 5.  Contour  map  of  the  s ,pd  -ant i bondi ng  molecular-orbital 
wavefunction  corresponding  to  the  dens ity-of -states  peak  at  the 
Fermi  energy  (Fig.  4)  of  a  pure  Ag  monolayer  film,  plotted  in  the 
vicinity  of  two  nearest-neighbor  Ag  atoms.  The  solid  and  dashed 
contours  represent  positive  and  negative  values,  respect i ve I y ,  of 


the  wavefunction. 


Fig. 6.  Contour  map  of  the  pTT  -bonding  mo  1  ecu lar-orb I ta 1 

wavefunction  correspond i ng  to  the  dens i ty-of-states  peak 
immediately  above  the  Fermi  energy  (Fig.  4)  of  a  pure  Ag 
monolayer  film,  plotted  in  the  vicinity  of  two  nearest  neighbor 
Ag  atoms.  The  solid  and  dashed  contours  represent  positive  and 
negative  values,  respectively,  of  the  wavefunction. 

Fig.  7.  Subcluster  local  electronic  density  of  states  for  a  Ag 
monolayer  film  supported  on  a  Ge  (001)  substrate,  as  computed  by 
the  partitioned  scattered-wave  method.  The  principal  bonding, 
nonbonding,  and  anti  bonding  characters  of  the  component  molecular 
orbitals  are  indicated. 

Fig.  8.  Contour  map  of  the  composite  Ag-Ag  pTT-bondi ng/Ag-Ge  ptf 
-bonding  molecular-orbital  wavefunction  correspondi ng  to  the 
dens i ty-of-states  peak  at  the  Fermi  energy  (Fig.  7)  of  a  Ag 
monolayer  film  supported  on  a  Ge  (001)  substrate.  The  contours 
are  plotted  in  a  plane  perpendicular  to  the  Ge  (001)  surface 
through  two  nearest-neighbor  Ag  nuclei. 
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